Some facilities, such as Los Alamos National Laboratory, have contaminants at widely scattered locations forts on those sites with some combination of the highest site. These flows themselves are influenced not only by the hydrologic characteristics of a site but also by the characteristics of nearby sites that may contribute or
forts on those sites with some combination of the highest site. These flows themselves are influenced not only by the hydrologic characteristics of a site but also by the characteristics of nearby sites that may contribute or M odeling of vadose zone hydrology is required to receive water flows. Data or predictions from a given address a variety of applied problems in general location may or may not scale up to be relevant to larger and risk assessments associated with contaminants in scales of concern (Johansen et al., 2003; Wilcox et al., particular. Risk assessments related to the vulnerability 2003a); hence the assessment of many locations may be of contaminant transport often focus on an individual needed. Assessing the relative magnitudes of surface site. Numerous models exist for such analyses, such as the and subsurface lateral flows can be particularly challeng-RESRAD model, which is commonly used within the ing in complex topography, where accounting for hyDepartment of Energy (DOE) (Cheng et al., 1991;  Cheng drology of surrounding sites may be crucial. Distributed and Yu, 1993; Wang et al., 1993; Yu et al., 1993a Yu et al., , 1993b  hydrologic models provide a means for addressing these Wilcox and Breshears 1997) . Such a modeling approach issues. Indeed, distributed hydrologic models have been is useful for rapid and conservative assessments of risk applied to similar problems, such as prioritization of from contaminants at a site. However, much of the conpost-fire remediation efforts within burned areas in comtamination within DOE facilities is in low concentraplex topography (Beeson et al., 2001; Wilson et al., 2001 ). tions over widespread areas (Riley and Zachara, 1992) .
In this paper, we highlight the utility of a distributed hydrologic model for ranking vulnerability of different water following the simulation of a 100-yr precipitation arizona.edu).
event. This event was designed (McLin, 1992) late a high-intensity rainfall event, which could correSpecial Section: Los Alamos National Laboratory spond to an intense thunderstorm. Our case study was doi:10.2136/vzj2004-0037 conducted in the North Ancho watershed of Los Alamos raphy.
SPLASH simulates lateral flow of ponded surface water using Manning's equation for calculating discharge from a cell. Water is routed in the direction of steepest descent (aspect)
METHODS
based on the digital elevation model (DEM). Water that is ponded on the surface (e.g., by saturation excess, infiltration
Hydrological Model
excess) is subject to flow. Overland flow in SPLASH can be We conducted our analyses using SPLASH, a distributed simconsidered gradually varying sheetflow: the energy source for ulation model that incorporates coupled surface-subsurface flow (gravity) is consumed by friction. The slope of the water hydrology, lateral flow of surface and subsurface water, infilsurface is used to calculate the gradient between any two cells tration, evapotranspiration from a vegetation canopy, an en-(diffusive wave approximation). (Optionally, the slope of the ergy balance approach for snowpack calculations, and a cliwater surface may be assumed parallel to the bed [DEM] surmate simulator (Martens, unpublished data, 2004;  Beeson face [kinematic wave approximation]). This allows SPLASH et al., 2001 ). For each cell within a grid, SPLASH calculates to simulate backwater effects and ponding of water in topothe components of a water budget through time including the graphic depressions that may then overflow. However, SPLASH flows of surface and subsurface water into and out of the cell.
does not explicitly incorporate channel flow. Channel flow in Because SPLASH explicitly calculates the lateral flows into SPLASH occurs only inasmuch as "channels" are defined by and out of each cell for each time step of the simulation, it the DEM. SPLASH calculates water flow into or out of a cell can produce a simulated hydrograph for each cell for both through the four faces of that cell: two in the x direction, and surface and subsurface lateral flows. The processes considered two in the y direction. Velocities and discharges are calculated in SPLASH are shown in Fig. 1 . separately for each direction using Manning's equation. For Three features of SPLASH are of particular relevance to example, in the x direction, this study: (i) lateral flows of surface water (e.g., runoff) are routed explicitly from a cell to its neighbors, (ii) subsurface u ϭ 1 n h ), is calculated as the product of velocity and cross-sectional area the analysis. LAI, however, is important when estimating transpiration and does not have a large effect on other simu-(h s ϫ cell size).
SPLASH calculates lateral saturated flow of subsurface lated processes. We conducted simulations for a storm of 100-yr frequency water using Darcy's law which computes discharge, Q, as the product of saturated hydraulic conductivity, the gradient of (McLin, 1992) . We used estimates from the nearest meteorological station (located at Technical Area 59, Los Alamos hydraulic head, and saturated zone cross-section.
To allow for algorithmic simplicity, SPLASH uses an exNational Laboratory) for 100-yr event amounts over 6-h periods (Table 3 in McLin, 1992) . The time series for the cumuplicit, finite-difference calculation scheme. The timestep size, ⌬t, is dynamically determined based on a user-defined Courant lative storm distribution was taken from Table 2 in McLin (1992) . The cumulative precipitation curve for the event is number, c (where 0 Ͻ c Յ 1; Courant et al., 1928) , the cell size, x, and the maximum flow velocity on the grid at the shown in Fig. 3 . Note that the initial rates of precipitation are slow, which should lead to an increase in soil water content, previous timestep, v max :
followed by an enormous increase in precipitation intensity ⌬t ϭ c(x/v max ).
at 165 min after initiation of the storm. For this event, we ran the simulation for 24 h following the initiation of the event, It follows that if the maximum velocity is very large, the which was at midnight during summer (June 29, chosen arbitimestep must be correspondingly small. Because SPLASH trarily). has a minimum timestep size of 1 s, high flow velocities, which
We summarized the results of our simulation of the 100-yr might occur in high-order channels, may cause numerical instaevent by calculating the amount of water flowing through each bility. To circumvent this possibility, a stream grid mask can cell during the 24-h period of the simulation (referred to as be used by SPLASH, in which water is removed from each total flow or total discharge below). We calculated these values stream grid cell at each time step by setting h s to zero for by integrating the discharge, Q, over the simulation period. those cells at each time step (at the cost of having no simulation
We calculated total discharge for surface flow and for subof "channel" flows in those cells).
surface flow in each cell. The value indicates the amount of water that flowed into and out of a cell over the simulation
Study Site and Data Inputs
and can be used as a relative index of vulnerability for waterdriven contaminant mobility. Although topography is a primary driver of surface thus allowing faster processing (as described above).
A soil type map based on the survey of Nyhan et al. (1978) flow, soil depth also influences surface flows, as illustrated holding capacity and do not generate as much surface an estimated soil depth for each soil type. Where a mapped flow in this simulation where the vadose zone water consoil polygon included more than one soil type we assigned the tent was initialized at one-half of soil field capacity.
characteristics of the areally dominant type to the whole soil polygon. For each described soil type we estimated percent-
Indices of Site Vulnerability
ages of sand, silt, and clay as the centroid for that textural class in the USDA soil texture triangle. We used the equations
The results of our simulation can be summarized with of Saxton et al. (1986) to estimate field capacity and saturated a vulnerability index for surface flow. For a vulnerability hydraulic conductivity for each soil type for input to SPLASH.
index we used the integrated discharge of surface water lines indicate the stream channel cells, which were masked of relatively high subsurface flow in this figure corresponds to much less water flow than the pink zones in out of the simulation. That is, water entering those stream cells was immediately removed from the simulathe surface flow summary. Data from these simulations were sorted to match the tion (as described earlier).
We calculated a similar index for subsurface lateral PRS sites of interest. We selected the maximum value of surface flow and the maximum value of subsurface flow using the integrated subsurface discharge for each cell. The map (Fig. 6b) indicates regions of low and high lateral flow among all the cells within each PRS. These PRS sites were then ranked with respect to vulnerability subsurface lateral flow. Note however that the colors are again scaled from minimum to maximum, but in this in terms of surface flow ( Table 1 ). Note that the maximum total surface flow for all of the PRSs is at least an case for subsurface flow. The magnitude of subsurface flow values was several orders of magnitude less than order of magnitude less than the maximum for the entire simulated area (see Fig. 6 ). that for surface flow, so the pink color indicating zones Similarly, the sites were ranked in terms of relative vulnerability to subsurface lateral flow (Table 1) . Note, far from saturated initially, high intensity precipitation however, that the subsurface lateral flow is many orders rates exceeded infiltration rates, and the simulation was of magnitude less than that for the surface flow. We for a short duration. Rather, maximum subsurface flow expected little subsurface flow because the simulation occurs when the soil profile is saturated. In the Los Alawas conducted for an extreme, high intensity precipitamos area, this is likely to happen following a series of tion event with soil water content initialized at 0.5 field snowmelt events, which result in a saturated soil profile capacity for the soil profile. This is not the scenario likely Wilcox and Breshears, 1997; Newman et al., 1998) . to generate maximum subsurface flow because soil was 
DISCUSSION
magnitude, indicating the relative importance of potential redistribution of contaminants by surface runoff for The results of our simulations provide a basis for this type of precipitation event. This finding is consistent assessing the relative vulnerability to transport of conwith site-specific studies in that large subsurface flow taminants for a set of Los Alamos sites situated within events are only likely in ponderosa pine forests during complex terrain. We found that surface flows generally exceeded subsurface flows by more than four orders of warm periods following snowmelt (Wilcox et al., 1997; 
